Introduction
In the laboratory setting and in clinical practice, alternating electric fields show a wide range of effects on living tissues. At very low frequencies (below 1 kHz), alternating electric fields stimulate excitable tissues, such as nerve, muscle, and heart, through membrane depolarization [1] . The transmission of such fields by radiation is insignificant, and, therefore, they are usually applied directly by contact electrodes, though some applications have also used insulated electrodes. At very high frequencies (above many MHz), a completely different biological effect is observed. Tissue heating becomes dominant primarily due to dielectric losses [2] . This phenomenon serves as the basis for some commonly used medical treatment modalities, including diathermy and radio-frequency tumor ablation, which can be applied through insulated electrodes [3] . It was recently demonstrated that very low-intensity, properly tuned, intermediate-frequency electric fields, termed tumortreating fields (TTFields), selectively stunt the growth of tumor cells [4] . This inhibitory effect was demonstrated in numerous proliferating cell types, while non-proliferating cells and tissues were unaffected. Interestingly, Nordenström's [5] 1989 observation that different cell types show specific intensity and frequency dependencies when intraneoplastic anodic and cathodic fields were used, is again confirmed with TTFields inhibition. At the cellular level, the TTFields effect was shown to be due to arrest of proliferation and selective destruction of dividing cells. The damage caused by the fields to the replicating cells was dependent on the orientation of the mitotic spindle in relation to the field vectors, indicating that this effect is non-thermal. Indeed, temperature measurements made within culture dishes during treatment and on the skin above treated tumors in vivo, showed no significant elevation in temperature compared to control cultures/mice. At the subcellular level, it was found that TTFields disrupt the normal polymerization-depolymerization process of microtubules during mitosis, similar to what has been seen in cells treated with agents that interfere directly or indirectly with microtubule polymerization (e.g. paclitaxel or docetaxel) [6] [7] [8] [9] [10] . Animal studies have confirmed the described inhibition of tumor growth following less than 1 week of TTFields treatment [4] . The growth inhibition was accompanied by a decrease in angiogenesis within the tumor, due to inhibition of endothelial cell proliferation, while no treatment-related side effects were observed. Our group is the first to treat patients worldwide with this new therapeutic modality. This open, prospective pilot study was designed to evaluate the safety and tolerability profile of TTFields treatment and the tumor response in patients with locally advanced and/or metastatic solid tumors. A medical device specifically designed to apply intermittent electric fields through insulated electrodes was built into adhesive strips which were then fixed onto the patient's skin. The NovoTTF-100A™ instrument was developed by Novocure Ltd., Haifa, Israeli.
Patients and Methods
Prior to study commencement, the trial protocol was approved by the local Ethics Committee, and concurrence with the required standards of the Declaration of Helsinki was ensured. Patients with histologicallyproven, locally advanced or metastatic malignant tumors were recruited. Major selection criteria were: age ≥ 18 years, at least 1 measurable lesion, tumor location accessible to field application through externally placed electrodes, ECOG performance ≤ 2, no additional standard therapy available, and no concomitant anti-tumor therapy. Six patients, with a median age of 66 years (range 24-76) and suffering from various cancers, were recruited, and provided written informed consent. All patients were previously treated with several lines of therapy, and no additional standard treatment option was available to them. Four of the patients suffered from skin lesions, 1 had a glioblastoma multiforme (GBM), and 1 had metastases from a mesothelioma in the retroperitoneal cavity (table 1) . Therapy was initiated in the outpatient clinic of the Basel University Hospital under medical supervision for the first 6 hours of treatment. Thereafter, patients were released to continue treatment on an ambulatory basis. Safety and tolerability parameters were determined. The NovoTTF-100A device used in this trial (depicted in figs. 1 and 2) is a portable, battery-operated device that produces TTFields. These TTFields are applied to the patient by means of surface electrodes that are electrically insulated, thereby ensuring that resistively coupled electric currents are not delivered to the patient. The electrodes are placed on the patient's shaved skin over a layer of adhesive hydrogel, and held in place with hypoallergenic adhesive strips. The gel beneath the electrodes must be replaced every 3-4 days, and the skin re-shaved in order to maintain optimal coupling between the electrodes and the skin. All treatment parameters are pre-set so there are no electrical output adjustments available to, or required by, the patient. Patients received continuous TTFields treatment at 100-200 kHz at a field intensity of 0.7 V/cm root mean square (RMS). TTFields were applied to 2 pairs of insulated electrode arrays in an alternating fashion at 1 s per pair. Each electrode had a surface area of 4.5-13.5 cm 2 . The 2 pairs were arranged normal to each other so as to gen- 
Results

Safety
The total exposure time of the 6 patients to TTFields treatment was 128 full days. Individual patients were exposed to NovoTTF-100A treatment for 13-46 days. The TTFields treatment was generally well tolerated, and the compliance was > 80%. Time without treatment was due to battery changes, electrode gel replacement, and time taken by the patient for personal needs (e.g. bathing). The patients learned rapidly to manage normal daily life with the NovoTTF100A. The only improvement most patients suggested was that the device should become lighter and less noisy. Adverse events were mild for all patients. The only adverse event related to treatment was a grade 1 skin irritation, with reddening of the skin in 3 out of 6 patients. These lesions occurred beneath the electrodes, and were reversible. Treatment of the skin lesions included the repositioning of the electrodes and topical application of steroid-containing ointments. No related abnormal laboratory values or serious adverse events were recorded.
Efficacy
All patients suffered from progressive disease prior to entering the study, and all were intensively pre-treated. Tumor size was assessed by digital photography in the 4 patients with skin tumors as the measurable lesion, and the other 2 patients by computed tomography (CT) scans. One partial response of a treated skin metastasis of a primary breast cancer was observed ( fig. 3) . In 3 patients, an arrest of tumor growth during treatment was seen ( fig. 4) , and 1 patient experienced progressive disease. In the mesothelioma patient (Patient 3), some tumor regression was seen in the area of the tumor which was exposed to TTFields, while the other portions of the tumor were stable or progressive. Patient 5 with rapidly growing GBM resistant to temozolomide and carmustine, likewise did not respond to the 4 weeks of treatment with TTFields. On the basis of the treatment data subsequently obtained on GBM patients, we can possibly attribute this failure to the treatment duration being too short [4] .
Discussion
TTFields are a new cancer treatment modality that has shown a favorable tolerability and efficacy profile in preclinical studies. We report the results of the first study with TTFields in humans, and confirm, in the clinical setting, the feasibility of the TTFields treatment with the NovoTTF device. Other subsequently conducted studies confirm these findings [4] . Furthermore, patients experienced very low toxicity as a consequence of this treatment, which can be explained in light of the known passive electric properties of normal tissues within the body and the effects of electric fields applied via insulated electrodes. More specifically, 2 types of toxicities may be expected in an electric field-based treatment modality. First, the fields could interfere with the normal function of excitable tissues within the body causing, in extreme cases, cardiac arrhythmias and seizures. However, this is not truly a concern with TTFields since, as frequencies increase above 1 kHz, excitation by alternating sinusoidal electric fields decreases dramatically due to the parallel resistor-capacitor nature of the cell membrane which has a time constant of about 1 ms. Secondly, the anti-mitotic effect of TTFields might be expected to damage the replication of rapidly dividing healthy cells within the body (bone marrow, small intestine mucosa). The lack of damage to intestinal mucosa in animals undergoing TTFields treatment is probably a reflection of the fact that the small intestine mucosal cells have a slower replication cycle than neoplastic cells, and that the fraction of the field that affects the mucosal areas where the cells replicate is small due to bypassing lower resistance pathways. Bone marrow is almost completely naturally protected from TTFields due to its high electric resistance from both the surrounding bone and bone marrow itself, relative to other tissues in the body. TTFields therapy was very well tolerated and safe. The 4 patients with skin lesions showed transient yet convincing inhibition in the growth rate of the treated lesions. One of these patients had a partial response to treatment. Although the number of patients in this study is small, the lack of toxicity of this therapy and the promise of efficacy seen in the data gathered to date indicate the potential of TTFields as a new treatment modality for solid tumors, definitely warranting further investigation in larger clinical trials. 
